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analysis of variance; lead; smoking; statistics A major aim of pedigree analysis is to the effect of common genes, and that apportion the covariation of a quantitawhich might be "explained" by the effect tive trait within and between families of common environment. Pedigree analyinto that which might be "explained" by sis based on maximizing the likelihood of a multivariate normal model (1 -3) chooses the most likely combination of efReceived for publication February 24,1982 , and in f ects that f lt the observed familial patfinal form July 20, 1982 on. If in addition there were a polygenic dominant effect, the trait values of siblings would be more correlated than those of other first degree relatives. However, siblings are generally of similar age and share a common environment, and if environmental factors influence the trait, sibling correlations will also be elevated, mimicking the effect of dominant polygenes.
In this paper, we incorporate into pedigree analysis a parameterization of within-family correlations of the type expected under the effect of shared environment, using information on the length of time for which pairs of individuals may have cohabited. Separate parameters can be estimated for different relationships (parent-offspring, spouse pairs, sibling pairs, etc.). This innovation is demonstrated by application to blood lead measurements from 617 individuals in 80 Melbourne families.
Blood lead levels are adjusted for measured fixed effects (age, sex, smoking, hematocrit, etc.) and random effects (variance components) concurrently. Two approaches are used to adjust for the error associated with blood lead levels being measured in batches throughout the study period; both lead to very similar conclusions.
New procedures are used to test the assumptions of the model and the goodness of fit (2) . A test of the underlying multivariate normality assumption is achieved by orthogonal transformation of the residual log transformed blood lead levels based on the fitted model. Goodness of fit tests for particular pedigrees, and for individuals conditional upon other members of their pedigree, are applied. The sibling correlation predicted by the fitted model is compared with other measures of sibling correlation.
MATERIALS AND METHODS
Blood lead levels were measured in 617 individuals (aged 6-91 years) over two or three generations from 80 Melbourne families. These subjects were ascertained as part of a study of the causes of familial aggregation of essential hypertension. Information on family history, medical history, smoking habits, alcohol consumption, and other physical, immunogenetic, and immunologic characteristics was recorded. A preliminary analysis of the data is reported in Hopper et al. (4) .
All blood lead estimations were based on duplicate readings, and repeated as necessary if there was poor concordance between duplicates (Analytical Reference Laboratories, North Melbourne). During the course of the study, 43 samples were split and submitted blind to the laboratory for duplicate analyses within the same batch. Using log transformed blood lead levels, to make measurement error more nearly independent of actual level, the correlation between the 43 pairs of hidden duplicates was r = 0.908 (r 2 = 0.817); this implies that about 18.3 per cent of the variation in log lead level must be attributed to measurement error within batches. A significant between batch variation was also evident (see below).
The blood lead distribution was skewed to the right with arithmetic mean of 15.7 /Ltg/100 ml and standard deviation of 6.4 fj.g/100 ml, males having higher levels than females at all ages, with a nonlinear trend with age (4). Because families were ascertained through probands aged 41-50 years with or without high blood pressure, the age distribution is bimodal with few subjects in the age group 30-40 years. Analysis (4) revealed virtually no association between blood pressure and blood lead levels after adjusting for known confounding variables, so it was not considered necessary to adjust the data for any ascertainment bias.
After adjusting for age and sex, alcohol consumption, cigarette smoking habit, hematocrit levels, batch and season were also associated with log blood lead levels. The effect of alcohol consumption was in-significant after adjusting for smoking habit, and the seasonal effects were confounded with, but less important than, batch effects. A highly significant familial aggregation of blood lead levels exists (4) .
The general method of pedigree analysis introduced by Elston and Stewart (5) allows for the analysis of quantitative multigenerational pedigree data such as we have on the blood lead levels. Using a slightly different approach, Lange et al.
(1) proposed a polygenic model, for arbitrary pedigrees, under the assumption that the phenotype has a multivariate normal distribution over pedigrees after adjusting for measured fixed effects. This model has greater flexibility and power than classical variance components or path analysis techniques (2) , and a relatively straightforward algorithm calculates the likelihood for the typical pedigrees we are studying; up to 23 individuals over two or three generations. Some extensions to include in the model the effect of common environment between pairs of relatives have previously been proposed (6) (7) (8) (9) . In this paper, a more general approach, which accommodates the varying time duration over which individuals have lived together, is applied to the blood lead data.
THE MODEL
Consider an arbitrary pedigree (of possibly more than one related nuclear family) consisting of n individuals. Let x = (x,, ...,*")' be the observed log transformed blood lead levels. For each i, let /b e the theoretical mean of the iih individual. This mean might be a function of age, sex, cigarette smoking, hematocrit level, and any other relevant factor, and is parameterized as follows: for i = 1, . . . , n, let /x, = S? =1 fay u , where /3;j = 1, . . . , p, is the parameter corresponding to thejth fixed effect, and y,j,j = 1,. . . ,p is the value of thej'th explanatory variable for individual i. p = (/x,, . . . , y^,)' will be estimated from the data.
We assume that the observations x_ are distributed as a multivariate normal distribution with mean \L and (n x n) covariance matrix ft. The covariance matrix depends on the relationship between members of the pedigree and the particular causal model that is proposed, ft = 2 d,G,, where the G, are known linearly independent symmetric matrices representing the expected pattern of correlation due to the ith random effect, and the 0, -are the corresponding variance components. The proportion of variation "explained" by the ith effect is 0, / 20,, provided all the variance components are positive. (Negative variance components are possible; for example, for some psychometric variables where the effect of sharing the same environment may cause a negative correlation between some individuals, yet ft may still be a proper covariance matrix).
For blood lead levels we propose that intrafamilial correlations may be due to the sharing of polygenes, and the sharing of environment in a way that depends on the length of cohabitation and perhaps the time since cohabitation ceased. We therefore write
where <x 2 is the additive genetic variance, Orf 2 the variance of deviations due to dominance, cr 2 the variance of environmental effects particular to the individual (and includes measurement error), and <xf P the variance due to the shared environment of the individuals.
Calculation of the (ra x n) matrices 4>, A and I and justification for the interpretation of a-J, cr d 2 , and aj are discussed in Lange et al. (1) and Hopper and Mathews (2) . If the only effect was an additive effect of polygenes, the expected correlation between individuals would be halved for every generation separating them, and so the matrix corresponding to al is 2<I>, where <I > = (</>, ;•) is the kinship matrix; 4>u 
Modeling the effect of shared environment within pedigrees of arbitrary size
We have chosen the matrix T = {y u ) in an attempt to measure the correlation in blood lead levels due to the common environment shared by individuals for varying lengths of time. Thus we set y u = 1 for all i, and y ti = 0 when i andj have not lived together (in this case, when they are not first degree relatives or spouses). For each pair of individuals i and j from the same nuclear family, let t represent time measured since they began to live together, and t,, the time when they may have separated, and suppose there exist parameters X and v, (0 =£ X, v =£ o°) such that
Over times, t < t n , y iS will increase as the effect of shared environment increases, wuile for t > t n , separation of the individuals is modeled by a decrease in y,j. It may be necessary to let X and v depend on the sex of the individuals i andj. y Q (t) will be a constant function of t over [0,4] if X = 0 or oo and a constant function over (£ 0 ,°°) if v = 0 or =e, so the previous approaches (6) (7) (8) (9) are special cases of this model. Note that if X = =° and v = 0 for all related individuals in a nuclear family, then F will be identical to 2<I>. The definition of t and t 0 depends upon the relationship between i and j.
1) Parent-parent. For spouses let t be the time since i andj were married, and t 0 be the time since marriage when the couple may have become separated.
2) Parent-offspring. Let t be the age of the offspring and set t n = 16 years, as an approximation to the time at which the parent and offspring might begin to no longer share the same environment. If it is known that the offspring left home at a different age, t 0 could be adjusted accordingly.
3) Sibling-sibling. Let t be the age of the younger sibling and t n be the age of the younger sibling when the older sibling reaches 16 years of age, say.
If F is to represent a true effect that behaves consistently within families, it must be a proper covariance matrix, and in practice this can be tested. Lange (personal communication, 1981) has proposed an autoregressive scheme as a theoretical model for the effect of a cumulative environmental influence such as lead. The resultant time-dependent expressions for y u are similar to the negative exponential form of equation 2, and form a proper covariance matrix (see Appendix). Furthermore, the predicted time-dependent covariances can be assessed by other measures (see below).
It should be noted that different functional representations for the time-dependence might arise from other modeling considerations, and that time-dependence need not necessarily be interpreted as evidence for shared environment. For example, Eaves (11) has applied a similar model to twin and family data on neuroticism, allowing the covariance between two individuals, of a given degree of relationship, to decay exponentially as the age difference between them increases. He ascribes this to phenotypic differences caused by genes being expressed at different ages.
Estimating the parameters of the model
Suppose that in all there are k indepe'ndent pedigrees, each of size n, with theoretical mean vector JM and covariance matrix ft,. The log likelihood of the total sample is the sum of the log likelihoods of each pedigree, assuming independence of pedigrees: plicit calculation of the inverse of ft,, is used to evaluate the quadratic form in equation 3 it is three times faster than if a Gaussian procedure is used to calculate ft"
1 . Other algorithms for calculating or maximizing the likelihood may be more efficient, e.g., the routine used by Lange et al. (1) , which requires both analytic expression for the derivatives and explicit calculation of matrix inverses. We have not made a direct comparison with Lange et al.'s algorithm.
The likelihood ratio criterion is used to
where N = £'!=, ra, is the total number of individuals in all pedigrees. Each ft, is a function of the parameters 6 = {a^,o-f h a^,o-2 se ), the latter variance component o-fe being a function of the parameters X and v dependent upon the relationships between individuals in the pedigree. Each \M will be a function of some parameters § that represent the average effect of measured variables such as age, sex, smoking habit, etc. Therefore I is a function of the parameters @, cr 2 , a$, of, a-\, and the \ and v values for each relationship, and all parameters are estimated by maximizing the likelihood.
We have used the subroutine package MAXLIK devised by Kaplan and Elston (12) to obtain these estimates. This numerical method is flexible because it does not require analytic forms for the derivatives of the likelihood; this flexibility facilitates estimation of the \ and v values of the shared environment effect. Multiple searches from different starting points are necessary to help ensure that the final estimates are at the true maximum of the likelihood surface. We have found that if the Choleski method, which avoids exdecide whether or not particular parameters need to be included in the model. Testing of the multivariate normal assumption, the adequacy of fit for individual pedigrees and for particular individuals is carried out using the procedures described in Hopper and Mathews (2).
RESULTS
We have previously discussed the rationale for log transforming the data; testing of the fitted model and examination of the residuals will provide support for this choice of transformation.
Fitting of fixed effects and
variance components A description of the fixed effects parameters, &, is given in table 1. The parameterization of the batch effect ()3 7 , . . . , (3 i2 ) as a fixed effect needs explanation. The blood lead measurements were taken in 20 batches but it was impractical to estimate a separate parameter for each batch. On the basis of an analysis of covariance, adjusting for age, (age) 2 , and sex, the 20 batches were subdivided into six groups of similar batch deviations, and in Model I we have fitted a single parameter for each of these "batch group" effects.
The matrix F is determined by the parameters A and v, and these may take different values for different relationships. For example, let k, w , k mn , k fll , and \ ss refer to parent-parent, mother-offspring, father-offspring and sibling-sibling relationships, respectively, and v may be similarly sub-divided. The other four parameters to be estimated are the variance components erf,, o; 2 , of, and erf,,. In practice, the fixed effects and of are fitted, setting o;?, o; 2 , and of,, equal to zero. As each new fixed effect is fitted, the change in log likelihood relates to the significance of that effect and the change in the quantity Na 2 to the variation "explained" by the addition of that effect (see table 2 ). The variance components are then fitted. Choice of \'s and v's is made by reference to the likelihood ratio criterion.
Estimates of the fixed effects of the model above are listed under Model I in , which differs from the earlier estimate that within-batch measurement error should be about 18.3 per cent (and of therefore at least 18.3 per cent) of the total variance with fixed effects held constant. The variance components were therefore refitted with of = 0.01595, fixed, and equal to 18.3 per cent of the total estimated variance <T 2 (although as of represents more than measurement error, this adjustment still leaves of underestimated). The difference in log likelihood between these two models was an insignificant O.09, so we prefer to deal with the latter, Model I, defined as the model with batch effect as a fixed effect and &% fixed at 18.3 per cent of the total estimated variance a 2 . The variance components estimates corresponding to Model I are listed in table 3. Note that fixing of had almost no effect on &l and &%, while of and o| have a high negative correlation; this is confirmed by a plot of table 3 ) reveals that both these formulations give similar results, the advantage of Model II being that the estimate of error variance, of, is not less than the earlier estimate of the within-batch measurement error. Notice that there is little difference in the parameter estimates between the two models; the age effect is readjusted, and d% is zero in Model II. The other variance components are almost identical in the two models. In Model I, by deleting the parameters /3 7 , . . . , /3, 2 and noting the effect this has on & 2 , it can be shown that the batch effect explains about 15 per cent of the total variation in unadjusted log transformed blood lead levels. Model II predicts a similar apportioning of overall variance to batch effect (see figure 1) . (2), for each pedigree i the residual log transformed blood lead levels, r, =_x, -fa, are orthogonally transformed toe, = A"" 2 B, r h where ft, has the spectral representation ft,-= BjAjB,-. The random variables {z u }, i = l,..., k,j = 1, . . . , ra, should be approximately distributed as independent N(0,l) variables, under the assumption of multivariate normality, provided the total number of individuals, N, is large and much greater than the number of parameters being estimated. For Model I, the distribution of these transformed residuals was approximately normal (Anderson-Darling statistic = 0.812, p > 0.10). A Q-Q plot (see Hopper and Mathews (2), figure 1) revealed evidence for the existence of some individuals with blood lead levels that could be described as outliers. Model II, however, did not pass the test for multivariate normality (Anderson-Darling statistic = 3.764, p < 0.01).
Testing of the fitted model Following Hopper and Mathews
The test of fit for individual pedigrees was also carried out. The statistic Q, (l) = (2Q,)" 2 -(2n, -I)" 2 , where Q, = r-Hr'r, and {l, is the estimated covariance matrix for pedigree i, provided evidence that individual pedigrees showed a good fit to Model I (see Hopper and Mathews (2), figure 2), although one family could be classified as an outlier family. (One member of this family was a streetcar painter and the other a forklift driver; both had blood lead levels in excess of 50 /u.g/100 ml).
Calculation of the conditional likelihood of each individual, given the parameter estimates and blood lead levels of all other members of the pedigree, highlighted several individuals with atypical blood lead levels (2). Of these, those with high blood lead levels could usually be partly explained by an occupational factor not included in the model, e.g., apprentice painter, metal spinner, retired taxi driver, etc. On the other hand, there were some atypical individuals who had average or low blood lead levels (see Hopper and Mathews (2), table 1).
The residuals from both Models I and II were examined, failing to reveal dependence upon any of the explanatory variables. Furthermore, the residuals were homoscedastic, except with respect to the batch effects in Model I where the residuals were less dispersed over the extreme effects (parameters /3 7 and /3 12 ) than over the other effects.
Alternate measurement of sibling correlation
The fitted model predicts that sibling correlations are the largest of all intrafamilial correlations, and are higher for younger siblings living together (about 0.5 for pairs both under 16 years) than older siblings (about 0.1 for adult pairs living apart). Several measures of sibling correlation that are not dependent for their justification on the assumption of multivariate normality, yet reduce to the maximum likelihood estimator when sibships are of equal size, are suggested by Karlin et al. (13) . Weights are assigned to all pairs of sibling measurements giving the following estimators: Method i, p s , all sibpairs equally weighted; Method ii, p ; , equivalent to averaging over individuals before averaging between individuals, each individual contributing once; and Method iii, p F , each sibship weighted equally, independent of size. Method i emphasises contributions from large sibships the most, Method iii the least, while Method ii lies somewhere in between; equivalent results from all three methods would suggest that sibling correlation is independent of sibship size.
The estimators p s , pi and p F , calculated from the residual log blood lead levels of the 212 siblings in 33 pedigrees aged 16 years and younger are 0.48, 0.51, and 0.51, respectively, in close agreement with the anticipated correlation of 0.5 and not dependent on sibship size. These cor-relations decrease over older age-groups; for example, for the 164 siblings in 36 pedigrees aged 30 years or older, they are 0.12, 0.17, and 0.23, respectively, and 0.0, 0.08, and 0.12 for the 48 siblings in 15 pedigrees aged 50 years or older. The general agreement of these alternate measures of sibling correlation with the agedependent correlation predicted by the model increases our confidence in the adequacy of the multivariate normal model for these data.
DISCUSSION
The harmful effects of high lead exposure are well established (14, 15) , and there has been interest in the possibility of subclinical lead poisoning associated with lesser degrees of exposure (14) (15) (16) (17) (18) . Although the sources of human intake of lead (19, 20) and the factors influencing the absorption, metabolism and excretion of lead (14) have been extensively reviewed, there appears to have been no systematic investigation of the causes of the familial aggregation of blood lead levels. Using a multivariate normal model for pedigree analysis, we have analyzed the log transformed blood lead levels of Melbourne families. The method has been extended to estimate the within-family covariation of blood lead levels attributable to shared home environment. To do this, it has been necessary to allow for the period of time over which individuals have been exposed to the common environment within the home.
The following conclusions can be drawn from the fitting of this model:
1) Blood lead levels were on average greater for males than females at all ages. For males, average blood lead levels increased with age to about 50 years but decreased slightly thereafter. For females average blood lead levels increased over all ages. 2) Current smoking habit had a significant effect; there is an average increase of 5.8 per cent in blood lead levels for every 10 cigarettes smoked per day. 3) Past smoking history had no measurable effect on blood lead levels. 4) After adjusting for age, sex, batch, and smoking, adjusting for the hematocrit level explained a small but significant proportion of the total variation in the data, but made little difference to the magnitude of the smoking effect. 5) Blood lead levels of spouses were not correlated. 6) The correlation of blood lead levels between parents and offspring increases as the age of the offspring increases to a maximum of about 0.25 at 16 years, and decreases thereafter by about 50 per cent every four years. 7) The sibling correlation for blood lead is about 0.5 for young sibling pairs living together and decreases to about 0.1 for siblings who no longer live together. 8) There was no convincing evidence of a polygenic additive effect. 9) The correlation between older siblings living apart would be consistent with a dominant polygenic effect, but it could also be due to a continuing effect of the shared environment in youth, or be confounded with socioeconomic factors. Without the inclusion of twins and adopted children it is not possible to distinguish polygenic dominance from other common sibship effects. 10) We estimate the shared environment (variance component) effect explains at least 40 per cent of the variation in log transformed blood lead levels after adjusting for known fixed effects. 11) The zero correlation detected between log transformed blood lead levels of spouses suggests that, for adults, variation in blood lead arises from variation in exposure outside the home. The evidence for effects of shared environment in the nuclear family (time-dependent parent-offspring and sibling correlations) support the view that, in childhood and adolescence, lead exposure is influenced by environmental factors in and around the home, and/or by lifestyle factors common to members of the same family. The assumption of multivariate normality has been tested by a new method (2) , and no evidence to reject that assumption is evident for Model I. Goodness of fit tests between pedigrees showed that at least one family was atypical and closer examination revealed that occupational factors, not explicitly taken into consideration by the model, might explain this finding. Further goodness of fit testing within pedigrees (under the fitted model) detected "outlier" individuals which may also be explained by unmeasured occupational factors. Finally, the pattern of age-dependent sibling correlation, assessed by other measures, shows good agreement with that predicted by Model I.
It has been possible to estimate effects of shared environment that vary with the ages and relationship between individuals in a way that is biologically plausible. If more information was available about the shared living habits of individuals it could be included in the model (see Appendix). Environmental factors obviously play a large part in the variation in blood lead levels of a population, but this analysis does not exclude the possibility that genetic factors may also have a role. However it would be imprudent to interpret d rf 2 = 32.4 per cent of <x 2 as evidence for a substantial polygenic dominance effect, especially in view of the negligible polygenic additive estimate. Further studies to investigate this point should include a more detailed assessment of occupational and environmental factors related to lead exposure than we have been able to include in this analysis.
